ABSTRACT Shape transformations of vesicles of dimyristoylphosphatidylcholine (=DMPC) and palmitoyloleylphosphatidylcholine (=POPC) in ion-free water were induced by changing the area-to-volume ratio via temperature variations. Depending on the pretreatment we find several types of shape changes for DMPC (in pure water) at increasing area-to-volume ratio: (a) budding transitions leading to the formation of a chain of vesicles at further increase of the area-to-volume ratio, (b) discocyte-stomatocyte transitions, (c) reentrant dumbbell-pear-dumbbell transitions, and (d) 
INTRODUCTION
Fluctuations and shape transitions of fluid bilayer vesicles are studied for two reasons: firstly they provide insight into the physical basis of changes of cellular topology during many cellular processes such as the budding-fission-fusion sequence effecting the transport of vesicles from the endoplasmatic reticulum of a cell to the plasma membrane or the uptake of macromolecular aggregates via coated pits or phagocytosis (1) . Secondly they provide insight into the properties of hyperelastic shells.
Interest in shape transformation has been greatly stimulated by the recent progress in theoretical models of fluid bilayers (2) (3) (4) (5) which are essentially based on the Helfrich curvature elasticity model of fluid membranes.
In the original approach of Deuling and Helfrich (6) the shape changes were described in terms of the spontaneous curvature concept. A modified approach was adopted by Svetina and Zeks (2) which is based on the assumption that the shape of a vesicle is determined by the area-to-volume ratio (this is also an assumption in the Deuling and Helfrich model) and the area difference between the opposing monolayers. Although this socalled bilayer coupling model is related to the Helfrich model by a Legendre transformation it leads to different results concerning the order of the shape transitions and the routes of transition induced by variation of the area-to-volume ratio or by osmotic pressure differences. The original phase diagram proposed by Svetina and Zeks has been recently expanded by Seifert et al. (4) . It represents the shapes of minimum bending energy as a function of the area-to-volume ratio and the area difference between the two monolayers.
The present experiments were first motivated by these new theoretical developments and secondly by conflicting experimental results. Some years ago it was shown in this laboratory that vesicles containing a charged lipid can undergo continuous transitions from a biconcave to an inside-budded shape via the stomatocyte shape or to an outside budded shape via the pear shape. More recently it was reported for the case of SOPC that small increases of the excess area already result in a discontinuous blebbing transition (7) . Because the question arises whether these conflicting results are due to the use of charged lipids or to the use of additional solutes in the inner and outer aqueous phases, we reinvestigated the shape transitions of simple systems such as dimyristolphosphatidylcholine (DMPC) and palmitoyloleylphosphatidylcholine (POPC) in deionized (Millipore) water. The shape transitions were induced by variations of the excess area via temperature changes, making use of the high thermal expansivity of the bilayer in the fluid L.-phase. Some preliminary studies concern- ing the influence of the solute ionic strength and the chemical asymmetry of the aqueous phases (at equal osmolarities) are also presented. We show that these simple systems can exhibit slow shape transitions (type Fig. 1 ). Then also the outer compartment was filled with the vesicle suspension.
Measuring chamber, microscope, and imaging
Our main concern was long time observation of vesicles swimming in the measuring chamber. For that purpose a temperature-controlled measuring chamber (shown in Fig. 1 
Measurement of area and volume of vesicles
Area A and volume V of the vesicles (exhibiting rotational symmetry) were determined during the temperature scan as follows: for spherical shapes, the values were obtained simply by measurement of the vesicle radius, and for ellipsoidal shapes from measurements of the dimensions of the principal axes. For other shapes the following approach was adopted. The orientation of the rotational symmetry axis was determined by changing the focus in the vertical direction. As shown in the example of Fig. 2 , the overall shape and symmetry of the vesicles could be reliably determined in this way. Since the vesicles exhibited slow rotational diffusion, one situation with a horizontal orientation of the rotational axis was always encountered (within <5 min). For these situations, the coordinates of the contour of the vesicles were determined by the image processing system described earlier (10) . From these data, A and V were calculated by numerical integration. Then mean values ofA and Vwere obtained by averaging a sequence of four images. The accuracy of this method was 1.5% for measurements of the area and 2% for those of the volume. This error was much smaller than the changes in area within the temperature range studied. It was just about sufficient to detect volume changes such as caused by local instabilities (c.f. example of Fig. 9 b) .
EXPERIMENTAL RESULTS
Most of the experiments were performed with DMPC vesicles in pure water. The excess area, Ae ,es, of the shell (Aexcess is the difference between the actual area and that which would be required to form a sphere of the same volume) was varied by changing the temperature. If not explicitly noted the changes in volume were negligible. In the following the major types of shape changes observed are summarized.
Budding transitions (type 1)
A typical budding transition is shown in Fig. 3 Fig. 8 a) . Increase of the temperature (by 3.80C) leads first to quasispherical vesicles which flicker slightly. After further heating by 4.80C the shape becomes edgy and flickering stops (cf. image 2 of Fig. 8 a) . At 37.10C tethers protrude immediately from the edges and their radii widen rapidly. Moreover, with a slight time delay blebs are forming at the smooth areas of the vesicle shell. After heating further by several degrees ( = 5.50C) the blebs and tethers widen more and more and eventually a large flaccid vesicle is formed as shown in Fig. 8 b. Finally an inside budded state is reached (cf. Fig. 8 c) . It should be emphasized firstly that the transition of Fig. 8 a occurs close to the spherical shape after a small increase of the excess area ( -6.7% in Fig. 8 a) inside budded transitions, which are similar to the type 2 transitions of DMPC vesicles. The main differences between the shape changes of POPC and DMPC vesicles are that the temperature interval between the initial spherical and the budded states is much smaller for POPC and that the diameters (2-4 ,um) of the daughter vesicles are smaller than for DMPC. Further increasing the excess area of inside budded vesicles leads to two different types of behavior: either the inside vesicle evolves into a chain of vesicles (shown in Fig. 10 a) or the additional excess area causes subsequent blebbing at other locations leading to inverted echinocyte-like shapes as shown in Fig. 10 b.
We also looked at the effect of solutes instead of pure water on the shape transitions or of different aqueous solutions in inside and outside medium at equal osmotic pressure.
Effect of solutes
To study the influence of solutes (symmetrically distributed at the outside and the inside) on shape transitions of DMPC and POPC the above experiments were performed in solutions of NaCl, Hepes, and inositol. These studies can be summarized as follows: the same types of shape transitions as described above are observed provided the osmolarity is small ( < 20 mosm). At higher osmolarities, however, only one type was observed for both DMPC and POPC: at increasing excess areas, spherical vesicles go over into prolate ellipsoids which elongate with increasing Aex,e. until tube-like structures are formed. It is interesting to note that electrically induced blebbing of cells is also impeded above 20 mosm (12 shape. The increase of the NaCl content of the outer medium causes the formation of an invagination which deepens at increasing NaCl content (cf. Fig. 11 ). This cup forming process could possibly be explained by assuming that inositol molecules are solved in the two monolayers of the vesicle. Under this assumption the decrease of the inositol concentration at the outside also causes a decrease of the inositol molecules solved in the outer monolayer. Thus, an asymmetry between the two monolayers occurs which could be the cause of the cup forming process.
DISCUSSION OF SHAPE CHANGES
The present study shows that shape transitions caused by increase of membrane excess area may be divided into two classes. In the first class (denoted above as type 1 to 3) the shapes such as dumbbells, stomatocytes, discocytes, and pears are stable (with respect to small temperature changes) over an extended range of the excess area. Eventually the stomatocytes or pears undergo a sudden transition into a limiting shape (inside or outside budded vesicles) within a very small temperature intervall (of <0.10C). In the second class (denoted above as type 5) tethers and blebs shoot out of the vesicle shell even after a small increase in area of some 6.7%. We found that before this instability the vesicles assumed a rigid, slightly polygonal shape.
Our observations suggest that the type of transition depends on the pretreatment. (Fig. 4 a and Fig. 10 a) , the inverted echinocytes (Fig. 10 b) and the irregular shapes shown in Fig. 8, a and b. The shapes in Fig. 4 a and Fig. 10 Neglecting the small thermal expansivity of the enclosed water and assuming that the thermal expansivity of d is given by -ao"/2 (13), the reduced area difference, Aa, In Fig. 13 we compare the experimentally observed shapes with the theoretical shapes calculated for the phase trajectories indicated as dashed lines in Fig. 12 between the two monolayers. The relative change in area with temperature for the monolayer is then (i = in, ex) 1idA4 r laA] drr'
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where K is the (isothermal) lateral compressibility of the monolayer i and rr' is the lateral pressure of the monolayer i. The asymmetry, y, could thus also be a consequence of different compressibilities or changes in pressure with temperature. Finally, even if the description of the different phase trajectories with the help of an asymmetry in the thermal expansivities seems to be reasonable, we are aware of the possibility that these phase trajectories could be explained by some other mechanism.
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